A model of an intentional self-observing system is proposed based on the structure and functions of astrocyte-synapse interactions in tripartite synapses. Astrocyte-synapse interactions are cyclically organized and operate via feedforward and feedback mechanisms, formally described by proemial counting. Synaptic, extrasynaptic and astrocyte receptors are interpreted as places with the same or different quality of information processing described by the combinatorics of tritograms. It is hypothesized that receptors on the astrocytic membrane may embody intentional programs that select corresponding synaptic and extrasynaptic receptors for the formation of receptorreceptor complexes. Basically, the act of self-observation is generated if the actual environmental information is appropriate to the intended observation processed by receptor-receptor complexes. This mechanism is implemented for a robot brain enabling the robot to experience environmental information as "its own". It is suggested that this mechanism enables the robot to generate matches and mismatches between intended observations and the observations in the environment, based on the cyclic organization of the mechanism. In exploring an unknown environment the robot may stepwise construct an observation space, stored in memory, commanded and controlled by the intentional self-observing system. Finally, the role of self-observation in machine consciousness is shortly discussed.
Introduction and Hypothetical Model
Neurons and glia are the two major classes of cells in the brain. Their main difference lies in their electrical excitability [1] . Neurons are electrically excitable, whereas glia are not [2] . Macroglia consist of astrocytes and oligodendrocytes.
Here I focus on astrocytes that build units of interaction with the neuronal synapse, called tripartite synapse [3] [4] . The model proposed here deals with astrocyte-synapse interactions and the formation of receptor-receptor complexes that may represent a central mechanism for self-observation and be implemented in robot brains. Whereas brain-oriented approaches to machine consciousness are mainly based on the neuronal system [5] , my model concentrates on the glial system of the brain. Currently, robot consciousness [6] is an emerging field that addresses the problem of designing and implementing computational models of consciousness in a robot [7] [8] [9] [10] . Models of self-observation in learning [11] and machine vision [12] have been significantly developed in the last two decades [13] .
The hypothetical model of self-observing systems is the following: in tripartite synapses various receptor types are located on the presynapse, postsynapse, extrasynaptically, and on the astrocytic membrane. Neurotransmitters (NT) activate astrocytic receptors leading to an increase of Ca 2+ concentration that stimulates the production of gliotransmitters (GT). I hypothesize that the coupling of homo-(composed of the same receptor type) and hetero-(composed of a different receptor type) receptor complexes in tripartite synapses [14] is commanded and controlled by GT. This mechanism is cyclically organized and operates by the formalism of proemial counting [15] based on the interchange between feedforward and feedback operations. Receptors are interpreted as places with the same or different quality or domain of synaptic information processing, formally described as tritograms [16] [17] . Decisively, receptor patterns on the astrocyte may embody intentional programs that via GT select the corresponding receptor types forming receptor-receptor complexes.
Based on this synaptic model an intentional self-observing system is proposed which operates on the two place systems of the astrocytic receptors and the neuronal receptors. The astrocytic receptors represent the pattern of intended observations and the neuronal receptors the pattern of the environmental observations. Observed domains (qualities) that correspond to the intended domains are stored in memory, non-corresponding domains are rejected. The match/mismatch pattern, stored in memory, represents a space of observations. After n steps the robot has generated a pattern of positions of intended domains of observation in the explored environment.
The study starts out with the biological background of structure and function of astrocyte-synapse interactions in tripartite synapses. Then the cyclic organization of synaptic information processing is described according to the formalism of proemial counting. Furthermore, the formation of synaptic receptor-receptor Advances in Bioscience and Biotechnology complexes is outlined and formally interpreted by the combinatorics of tritograms. Based on the hypothesis that astrocytic receptors embody intentional programs of observation selecting environmental information from the neuronal receptor complexes, the implementation of an intentional self-observing system is proposed. Finally, the problem of machine consciousness is shortly discussed.
Perisynaptic Astrocytic Processes
Primarily five to eight processes per cell emanate from the cell body of protoplasmic astrocytes [18] . They subdivide progressively to form finer and finer processes of up to 100.000 per astrocyte. Most of these processes interact with synapses, termed perisynaptic astrocytic processes (PSAPs) [19] . Fewer processes contact vessels, called perivascular astrocytic processes (PVAPs) [20] .
Some processes (an average of 11) contact other astrocytes forming gap junctions and an astroglial network [20] . Importantly, PSAPs extend and withdraw from synapses in an activity dependent manner [21] . and pH [22] .
From the soma of the astrocyte stem processes emanate and arborize into perisynaptic astrocytic processes (PSAPs). These endprocesses contact (→) or retract (├) from synapses. In addition, astrocytic processes contact vessels, called perivascular astrocytic processes (PVAPs) (only one is shown here). 
Tripartite Synapses
It is experimentally well established that signaling between neurons and astrocytes runs bidirectionally [23] . Astrocytes can be triggered by synaptic activity through activation of neurotransmitter receptors on astrocytes elevating Ca
2+
concentrations that stimulate the release of neuroactive substances, called gliotransmitters. Gliotransmitters (e.g. glutamate, adenosine-tri-phosphate, D-serine) modulate synaptic excitability and synaptic transmission [24] . These synapseastrocyte interactions lead to the new concept of the tripartite synapse [3] . Figure 2 shows a schematic representation of a glutamatergic tripartite synapse. The excitatory neurotransmitter glutamate (GLU) released from the presynapse activates cognate postsynaptic (por), extrasynaptic (esr), and astrocytic receptors (acr). GLU is uptaken by transporters (t). The occupancy of acr by GLU elevates the Ca 2+ concentration which stimulates the production of gliotransmitters (GT). GT feeds back to the cognate receptors on the presynapse (psr). Since astrocytes express most of the receptors identified in neurons [25] , they are able to sense and respond to neuronal signals and modulate synaptic transmission [26] .
Mathematical modeling of synaptic plasticity demonstrated that astrocytes modify the synaptic flow of information through neuronal networks and create structural changes in synapses. Based on physiological or biophysical experiments mathematical modeling and computer simulations will probably be helpful for testing predictions on functions of astrocytes in neuronal networks [27] . Such simulations may also give rise to new ideas concerning the role of astrocytes in
The excitatory neurotransmitter glutamate (GLU) is activated by a dendrite (D). GLU activates postsynaptic receptors (por) and is reuptaken on the presynapse via transporters (t). GLU also occupies receptors on the astrocyte activating channels (ch) that leads to an increase in calcium concentration and to the production of gliotransmitters (GT). The release of GT from the astrocyte occupies presynaptic receptors (psr), por and extrasynaptic receptors on the postsynapse. The effect of GLU corresponds with a feedback mechanism on the presynapse and the depolarization by the occupancies of postsynaptic and extrasynaptic receptors. 
Gliotransmission
In the perspective of the proposed model gliotransmitters (GT) may play a significant role in the formation of synaptic and extrasynaptic receptor-receptor complexes. GT are chemical transmitter substances released from astrocytes that modulate glial-neuronal interactions in tripartite synapses [37] . The capability of astrocytes to induce excitability with various Ca 2+ concentrations enables the production of GT. The function of GT depends on the type of GT, each occupying cognate synaptic and extrasynaptic receptors [38] . The major types of GT released from the astrocytes are glutamate (GLU), adenosine-tri-phosphate (ATP) and D-serine.
GLU is not only an excitatory neurotransmitter but it can also function as a GT because of its ability to increase Ca 2+ concentrations in astrocytes [39] . GLU is tightly filled into synapse-like vesicles released from astrocytes dependent on an elevation of Ca 2+ concentration. The main receptors activated by GLU are kainate receptors, metabotrophic GLU receptors, and N-methyl-D-asparate (NMDA) receptors [37] . Several release mechanisms play a role in gliotransmission [40] . There are reverse operations of glutamate transporters on the plasma membrane; opening of anion transporters induced by cell-swelling; purine 2 × 7 receptors release GLU; gap junction hemichannels on the astrocytic cell membrane also release GLU. Although the transmitters mediating astrocyte-synapse signaling are mainly believed to be GLU [41] or ATP [39] , it is clear that the amino acid D-serine also functions as an important gliotransmitter. D-serine is synthesized in astrocytes and released by GLU receptor activation through Ca 2+ and SNARE-dependent exocytosis [42] . Van Horn and coworkers [43] 
Cyclic Organization of Astrocyte-Synapse Communication
As already pointed out, it is well established experimentally that astrocytes communicate with neurons in a bidirectional manner [44] in tripartite synapses operating on feedforward and feedback loops [23] [35] [36] . DePitta and colleagues [23] elucidated how astrocyte-synapse interactions significantly differ from conventional synapses. In the latter information processing occurs exclusively via one input and one output function. Moreover, the three components of the tripartite synapse process information in loops. Here, two input functions and two output functions operate unidirectionally generating loops [23] .
The proemial relationship introduced by Guenther [45] provides a formal notion of "no unidirectionality". The proemial relationship is based on directional relations that include both unidirectional "ordered" and bidirectional "exchange" operations. Given is a relator x with a directional relation (→) with a relatumy. If the relatum becomes a relator, the exchange is not mutual, but in a higher logical order according to the following formalism:
If R i+1 (x i ; y i ) is given and the relatum (x or y) becomes a relator, the notation is R (x i−1 ; y i−1) where R i = x i or y i . Reversely, if the relator becomes a relatum, R i+2 (x i+1 ; y i+1) is obtained with R i+1 = x i+1 or y i+1 . Here, the subscription i indicates a higher or lower logical order. The rationale of a proemial relationship is that if the relator becomes a relatum, a relationship is established that operates not in the former logical order, but in a higher one. An atom is a representative example of what the variables (x i ; y i ) mean.
If we consider an atom as a relation between more elementary particles,then the elementary particles assume the part of the relata. But the atom is a relatum in a more complex order within a molecule. Therefore, an atom is both, relative to the elementary particles it is a relator, but it can change this property with the one of the relatum if we consider it within the more comprehensive relationship of a molecule (45) . The neuronal synapse (nSy) and the astrocyte (Ac) function both as a relator and as a relatum. It is shown that if nSy is directionally connected with the astrocyte, nSy functions as the relator and Ac as the relatum. Then the relation changes (↔) so that Ac functions as the relator and nSy as the relatum. These operations are based on two directional (→) and two bidirectional (↔) relations generating a cyclic system of synapse-astrocyte interactions. In addition, if we interpret a system of relators and relata on numbers, the system can be proemially counted [15] . The normal concept of counting starts at one point and ends on another. In contrast to this arithmetical counting, proemial counting counts both directional "ordered" and bidirectional "exchange" operations. Since self-observation may be based on cyclic processes, the model proposed operates on the proemial relationship or counting [15] .
Model of Self-Observation
Baer [46] stated that a theory of observation is a prerequisite for a better understanding of quantum mechanics in brain science. Whereas cyclic operations in tripartite synapses may enable self-reflection [15] , self-observation may additionally require special mechanisms that compare activated neuronal receptors with astrocytic receptors by receptor-receptor coupling.
Receptor-Receptor Coupling in Wiring and Volume Transmission
Volume and synaptic transmission are interrelated by the ability of their chemical signals to activate a great variety of receptor promotors in heteroreceptor complexes located in the plasma membrane, either synaptically or extrasynaptically [47] . The extracellular space is organized in a highly organized extracellular matrix (ECM) whose molecules build synaptic and perisynaptic scaffolds. These 
Astrocytic Receptor Complexes May Embody Intentional Programs
Basically, receptors for the common receptor type are identified on the astrocytic membrane [25] . Most importantly, in a mathematical model Tarakanov and
Fuxe [51] computed 48 pairs of receptor-receptor interactions which form receptor heteromers, others build non-heteromers. The latter type of receptor complexes may operate in the intentional self-observing system proposed here (section 9).
Intentional actions are mainly investigated in neuronal networks [52] . For example, Proekt and coworkers [53] showed in a simple neuronal network a dynamical basis of intentions and expectations. Basically, if one gives reasons for consciousness, intentionality must be taken into account [54] . Intentionality is here defined as an intentional program generating a specific multi-relational structure in the inner and outer environment controlled by the specific program principle [55] . I hypothesize that receptor complexes on the astrocyte may embody intentional programs that are coupled with G-protein coupled receptors (GPCRs) which are capable of modulating neuronal excitability and firing patterns in a new way through changes in neuronal receptor function [56] . Most recent, Flock and colleagues [57] provided insight into constraints underlying selective coupling, focusing on GPCRs. If we consider the realization of intentional programs, a selection mechanism must basically operate. [51] formally described how prototriplets of amino acid residues and their "teams" may be applied to construct a kind of code selecting specific receptors responsible for forming heterodimers. Based on the obtained results a "guide-and clasp" manner for receptor-receptor interactions is described, where "adhesive guides" might be the triplet homologies [51] . In the perspective of the present study, the generation of astrocytic receptor complexes represents a "guide pattern" for the "clasping" of neuronal signals operating as an intentional program. Here we may deal with an elementary mechanism of information structuring as shown in visual perception [58] .
Model of Synaptic Receptor-Receptor Coupling by Gliotransmitters
I hypothesize that the formation of receptor-receptor complexes in tripartite synapses may be determined by gliotransmitters (GT), as outlined in Figure 4 .
Given the neurotransmitters (NT) glutamate (GLU), serotonine (SE), and noradrenaline (NA), both the synaptic receptors and the cognate astrocytic receptors (acR) are activated by GLU and SE, but not by NA. GT are produced by acR activation by NT increasing Ca 2+ concentration. GT feed back to the cognate synaptic and extrasynaptic receptors forming homoreceptor (of the same receptor type) and heteroreceptor (of different receptor types) complexes. In Figure 4 the homoreceptor complexes GLU-GLU, SE-SE, and the heterocomplexes GLU-SE, GLU-G-protein coupled-SE are depicted.
Vesicles (v) of the presynapse release the neurotransmitters glutamate (GLU, blue), serotonine (SE, green), and noradrenaline (NA, orange). These transmitters form the homoreceptor complexes GLU-GLU, SE-SE, and the heterocomplexes GLU-SE. A G-protein coupled GLU-GLU is exemplified. GLU and SE occupy cognate receptors on the astrocyte that elevates Ca 2+ concentrations (↑) stimulating the production of gliotransmitters (GT). GT for GLU and SE feed back to the cognate presynaptic receptors (psr). Since the astrocytic receptors for NA are not activated, no feedback occurs to the psr. Hence, GT select the receptors for synaptic and extrasynaptic receptor-receptor coupling. Receptors can formally be described as tritograms [28] that represent a categorization of receptor qualities. The combinatorics of tritograms has been introduced by Guenther [16] and applied to brain models by the present author [28] [59] . The generation of a tritogrammatic structure follows the Bell numbers.
Bell numbers count the number of partitions of a set. The sequence of Bell numbers is 1, 2, 5, 52, 203, 877… For example, the tritostructure of three different tritograms is generated by the combinatorics of all possible positions of places with the same or different quality. Importantly, since the position of places in each tritogram is decisive, we are dealing with qualitative counting of different receptor categories. Table 1 In the brain computing occurs in categories or domains, a fact which is experimentally supported with regard to the visual cortex [59] . Accordingly, by means of a category-specific biasing mechanism in object-selective cortex categorial information in natural scenes can be rapidly detected. Objects which belong to the target category are processed up to the category level, even when presented outside the focus of attention. On the contrary, objects not belonging B. J. Mitterauer to the relevant category are not represented at the category level, even if presented inside the focus of attention [60] . In my present model, the proposed intentional programming selects relevant domains or categories of observation and rejects irrelevant domains (see section 6). Here, we may deal with an elementary mechanism of information processing in the brain.
Implementation of the Self-Observing System
The self-observing system consists of two receptor complexes that compute on As described above, each counting step forward must also be counted back, generating cycles so that the system is basically cyclically organized and therefore self-reflexive. If the robot has stepwise explored the environment, it must exactly go back to the route of the observed intended domains. This implies that the mismatch of domains must be ignored. In my perspective, a subjective behavior is only generated if a system is equipped with intentions that structure information consistent with the logic of acceptance and rejection [16] [61] [62] . According to
Guenther [16] the capability of rejection is an index of subjectivity. Hence, on the way back to the starting point the robot must ignore (reject) domains in the environment that are inappropriate to its intentional programs. Now, the generated space of intended and experienced observations stored in memory represents the exact locations for carrying out specific operations. Note that in this computer system memory exerts a double function: as memory and as an intentional program for further operations [62] . Admittedly, the present study does not attempt to deal with technical details, although this has partly been done with regard to an intentional computer [63] and a clocked perception system [64] . Basically, the intentional self-observing system could operate "at the bottom" so that the robot may be self-conscious in various operations.
Concluding Remarks
The model of self-observation outlined focuses on cyclic astrocyte-synapse interactions and the mechanism of receptor-receptor coupling in tripartite synapses. Advances in Bioscience and Biotechnology
In those receptor-receptor complexes the act of self-observation is generated if the actual environmental information is appropriate to the intended domain of observation and is experienced as "its own". It is suggested that this biophysical correlate of self-observation can be implemented in a robot brain. In exploring an unknown environment the robot may be able to stepwise construct an observational space commanded and controlled by intended actions, self-referring matches and mismatches between intended observations and the environmental information, based on a cyclic organization of the mechanism.
Approaches to implement brain-inspired architectures for autonomous agents are faced with the problem of adapting behavioral needs not anticipated by the human modeler [65] [66] . Importantly, Haikonen [67] showed that a mismatch between behavioral outcome according to current sensory input signals and the expected outcome based on previously learned internal models triggers an adaptation of object and situation models. Moreover, Damerov and coworkers [66] developed a model of self-referential autonomous learning applying concepts similar to those in my proposed model [68] . Accordingly, a situation is rather the task-driven interpretation of a scene referring also to behavioral models, action outcomes, and internal states of the subject, such as intentions and goals
[69] [70] . This approach to autonomous agents is based on feedback mechanisms. Importantly, both feedback expectation and expectation specialization are applied in explaining and predicting external feedback. If a different feedback instead of the expected occurs, expectation specialization is performed [66] . The concept of feedback expectation may correspond to feedforward mechanisms in astrocyte domains and their tripartite synapses.
In the perspective of the presented model the architecture of self-conscious machines elaborated by Chella and Gaglio [71] is of special importance. They implemented a robot cognitive architecture with sub-conceptual, conceptual, iconic, and linguistic areas generating artificial qualia in machines. In this architecture the higher-order of perception of the robot is the basis for self-consciousness.
Here, self-consciousness has been considered a type of consciousness in general [54] . Basically, the concept of "Self" is a fundamental characteristic of living systems with first person consciousness [15] [46] [59] . Therefore, I suggest that preferred locations of self-observation in the human brain could mediate selfobserving cellular systems and the implementation of robots with consciousness.
Cyclically organized astrocyte-synapse interactions forming synaptic and extrasynaptic receptor-receptor complexes may provide a candidate system.
